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ABSTRACT

Past studies have suggested that the drought of the summer of 1988 wer the midwestern United States
may have been caused by seasurfacetemperature (SST) anomalies, an evolving stationary circulation, a
soil-moisture feedbadk on circulation and rainfall, or even by remote forcings. The relative importance
of various contributing factors is investigated in this paper through the use of GEOS GCM simulations.
Seven dfferent experiments, ead containing an ensemble of 4 simulations, were conduwcted with the
GCM. For ead experiment, the GCM was integrated through the summers of 1987 and 1988starting
from an analyzed atmosphere in ealy January of ead yea. Inthe baseline cae, only the SST anomalies
and climatologicd vegetation parameters were prescribed, while everything else (such as il moisture,
snow-cover, and clouds) was interadive. The predpitation dfferences (1988minus 1987 show that the
GCM was succesdul in simulating reduced predpitation in 1988, bu the acompanying low-level
circulation anomalies in the Midwest were not well simulated. To isolate the influence of the model’s
climate drift, analyzed winds and analyzed soil moisture were prescribed globally as continuows updstes
(inisolation a jointly). The results show that remotely adveded wind kases (emanating from potential
errors in the model’s dynamics and ptysics) are the primary cause of circulation kiases over North
America Inclusion d soil moisture helps to improve the simulation as well as to redfirm the strong
feedbadk between soil moisture and redpitation. In a cae with bah updited winds and soil moisture,
the model produces more redistic evapotranspiration and predpitation dfferences. An additional case
also used soil moisture and winds updates, but only outside North America Its Smulationisvery similar
to that of the case with globally updated winds and soil moisture, which suggests that North American
simulation errors originate largely outside the region. Two additional cases examining the influence of
vegetation were built onthis case using corred and oppaite-yea vegetation. The model did na produce
adiscernible improvement in resporse to vegetation for the drought year. One may conclude that the soil

moisture governs the outcome of the land-atmosphere feedbadk interadion far more than the vegetation



parameters. A primary inference of this gudy is that even though SSTs have some influence on the
drought, model biases drongly influence the prediction errors. It must be enphasized that the results
from this dudy are dependent upon the GEOS model’s identified errors and kases, and that the

conclusions do nd necessarily apply to results from other models.



1. Introduction

The drought of the summer of 1988 over the midwestern United States was a maor North
American drought. This drought persisted over the agricultural region of the Great Plains during
the spring and early summer, and had a devastating effect on crop-yields in the Midwest as well
as the U.S. economy as a whole (Trenberth and Branstator, 1992). Its catastrophic features
included: 1) 50-85% below normal precipitation in the midwestern North America, northern
Plains, and Rockies; ii) record high surface temperatures, widespread forest fires that burnt
nearly 4.1 million acres of forests by mid-autumn; iii) record low Mississippi river discharge
(40% of normal in mid-June 1988); and iv) atotal estimated economic loss of roughly 40 billion
dollars. On the basis of this data, it turned out to be the worst drought in the last 40 years. The
drought was accompanied by surface flux anomalies that were huge as compared to changes in
surface fluxes of global warming (for example), and yet it is this drought that the genera

circulation models (GCMs) of our times often fail to simulate.

One can safely infer that SST, soil moisture, and persistence of a stationary circulation are among
the key factors in the generation of the midwestern drought of 1988. Of the two earliest studies
of this drought, Trenberth et al. (1988), using a linear model and SST data, advocated the SST
anomalies to be the primary cause, while Namias (1991) found that deficient precipitation in
antecedent seasons and extratropical SSTs were both relevant factors. Canonical ensemble SST
correlations of Shen et a. (2002) show how extratropical SSTs in the north Atlantic have an
association with North American rainfall and are responsible for enhanced potential
predictability. A 40-year dataset (1947-1986) from COAPS analysis was examined (Sittel, 1994)

which identified Great Plains regions to be susceptible to warming/droughts in association with



cold La Nifa eisodes. Castro et al. (2001 examined the NCEP-NCAR reanalysis (19481998
and showed that La Nifia condtions tend to shorten the spring season rainfall in the Grea Plains
and leal to drier ealy-summer condtions, a mechanism aso suggested as a @ntributing fador
by Namias (1991) and Pal and Eltahir (2001). Atlas et a. (1993 used the GLA GCM to show
that prescribing observed tropicd SST anomalies and estimated Grea Plains il moisture
anomalies gredly improved the 1988 U.S. drought simulation. Since 1988was a La Nifa yea,
the summer was preceded by significant snowfall anomalies over the northern Rockies. Such
evaluations of climatic variables of the Northern Hemisphere & a whale discern the sequence of

phases during the ENSO cycles.

Additional studies identified ather plausible explanations, Mo et a. (1991) suggested that the
initial state of the @mosphere dtained a rather stable regime &ter the third week of May 1988
and continued to suppat the drought circulation through June regardless of the tropica SST
anomalies. These results imply a possble role of soil moisture feedbad in creding the drought.
Indeed, the study by Pal and Eltahir (2001) delineded the importance of the soil moisture
predpitation feadbadk for the persistence of the midwestern U.S. drought into the summer.
Dirmeyer (1999 and Fennessy and Shuka (1999 found that the impad of soil moisture on
predpitation depends on several fadors (such as extent/magnitude/persistence of the soil
moisture change and the regional dynamicd circulation) and that redi stic soil moisture enhances
seasonal predictions. Land fealbadks such as surface d#bedo (Sud and Molod, 1988 and
vegetation variations (Sud et a., 1993, 199bhave been shown to produce a positive feadbadk on
adrought circulation and rainfall; however, they do nd help much in explaining or understanding

transient droughts.



A study by Fox-Rabinowitz et al. (1999 identified the importance of higher model resolution
over the Continental United States for a better simulation d the drculation and rainfall in a
stretched grid GCM. Fennessy and Shukla (2000 used nesting instead of a stretched grid; they
also found that higher resolution invoked with a nested Eta-model improved the rainfall
prediction for the drought (1988 and flood (1993 yeas of North America This showsthat high
resolution helps to produce abetter prediction. Some successes with regional models run with
observed lateral data have been dacumented (e.g., Giorgi et a., 1996 Hong and Pan, 2000
Jenkins and Barron, 2000, bu the question remains: how does one obtain reliable latera forcing

datato predict such adrought?

Except for the Namias (1991 analysis, al the other studies of the summer 1988 dought are
modeling studies; naturally their inferences would be model-dependent. With every major model
improvement of the GEOS GCM (and its ealier versions), we atempted to simulate the North
American drought of summer 1988, b thus far have had orly limited success (e.g., Mocko et
a., 1999. Naturaly, these fail ures have provided a daunting chall enge to determine whether it is
the model, the boundxry forcings such as il moisture, or the hard-to-simulate pathway of the
climate system that causes these fail ures. Are the model’s biases, or the soil moisture, or remote
forcing errors, or the poa representation d convedion the key contributing fadors to the
model’s inability to smulate this drought? After nealy a 15yea time-lapse, we ae still
expeding to find a good explanation for the dsence of predictability of this drought in a free
runnng GCM. It would be interesting to determine what is missng in the model and hav
various aspeds of model-simulation deficiencies might interad with ead aher to cause the
model’s failure. In this gudy, we shall explore the key observational feaures of the drought of

1988and the primary reasons for ladk of (or limited) successin simulating it.



Some goplications of this investigation could be used in preparation for ENSO-related drought
and forest fires as well as provide diagnostic guidance for GCMs to better simulate key fedures
of the observed climatic episodes. In aher words, if El Nifio/La Nifla anomaly is all one can
hope to simulate in advance, then the most one can exped to simulate ae the drculation feaures
related to it. Also, ore can benefit from a similar analysis of other forcing datasets sich as il

moisture, snow/ice ®ver, and vegetation.

The Climate Analysis Center at National Center for Environmental Prediction (NCEP, formerly,
National Meteorologicd Center, NMC) has highlighted some key dynamic fedures of the
drought of 1988to show how the drought persisted. The jet strean in the Midwest was located
far north of its normal position in association with an anomalous ridge of high pressure in the
northern pains. This led to nathward transport of moist air masses along the West Coast of
North Americamaking the regionrainy and damp. In addition, the high-presaure system over the
Great Plains caused the low-level jet (normally bringing the Gulf moisture into the Grea Plains
region) to weaken, thereby shutting off the moisture supgy to the region. In fad, this low-level
jet is © important that in ather recent droughts over midwestern North America, e.g., summer of
2000,wedkening of the low-level jet and the resulting reduction in moisture transport was a key
fador in the production/maintenance of the droughts. The acompanying sealevel presare
picture for June-July-August (JJA) of 1988minus 1987 (Fig. 1) shows high presaure over Canada
was primarily resporsible for bringing in dry air from the north. Together with a o/clone over
the Northern Rockies and an anticyclone to its Suth, ore notes a weeening of the low-level jet.
In this way, the low-level jet carrying moisture laden low-level air from the Gulf of Mexico was

replaced with dry air from Northern Canada. This dynamic scenario would neturally lead to a



drought. The drought had its gredaest impad in the northern Great Plains. It intensified in this
region and spread acossmuch of the eatern helf of the United States with total preapitation for
April through June of 1988 leing lower than the Dust Bow! period. In additionto dry condtions,
hea waves during the summer of 1988 Woke long-standing temperature recrds in many
midwestern and natheastern metropditan areas. The drought of 1988 persisted through the ealy
summer and then started to fade avay in the late summer when the low-level jet strengthened
again and copious rains returned to the region. Further analysis of the physicd processs of the

drought can be foundin Trenberth and Guill emot (1996.

The normalized dfference vegetation index (NDVI) analysis from the spring and summer of
1988 in the ISLSCP Initiative | data (Meeson et al., 1995 identifies the drought region
experiencing a reduction in rainfal. The etent of the drought region hes a remarkable
resemblance to the pattern identified in the dorementioned COAPS analysis as regions
experiencing a reduction in rainfal in resporse to La Nifia SST condtions. This would suggest
that the SST anomaly of 1988 tad a causal (at least significant) role on the production d the
Gred Plains drought. For simulating the influence of drought-SST interactions, observed SST
anomalies could be provided to the model. If SSTswere important, amodel of some reasonable

credibility would be expeded to simulate the drought.

Ancther forcing parameter implicated in some studies (Karl et a., 1993 is the reduced winter
snow cover in the Northern Rocky Mourtains leading to low soil moisture and reduced
Misdssppi river flow, irrigation, and regional evapotranspiration. One can hope to capture some
of these effeds through soil moisture and snow cover initiali zations produced uncer the Global

Soil Wetness Projed (GSWP, Dirmeyer et a., 1999, while the influence of the vegetation



drought feedbadk can be asessed by comparing simulations made with observed vegetation data
versus climatalogicd vegetation cata. In this way, the model can better cepture the influence of

redi stic soil moisture and vegetation.

In this paper, we dso draw uponwind initialization wsing the analysis of observations produced
with the GEOS 1 version d the DAO-DAS (Schubert et a., 193). Presumably, the recent
model improvements in the land hydrology/snow and predpitation processes can be expeded to
better smulate the 1988 dought. These toodls and datasets provided the ultimate motivation for

this attempt to simulate the midwestern North American drought of summer of 1988.

The Goddard Earth Observing System or GEOS GCM at the Goddard Laboratory for
Atmospheres (Conaty et al., 200) is a general-purpose model used for climate studies and chta
assmilation. It can be integrated with couded land and prescribed seasurfacetemperatures. A
climate verson d the GCM is often used to simulate dimate dange and its biogeophysicd
consequences consistently, even when the GCM does nat capture some of the fedures of a
spedfic dimatic episode. There can be several causes for a model’'s failure to acarately
simulate an olserved climatic episode. Among them are warse resolution, simplificaionsin the
representation o atmospheric physics (the primary cause of intrinsic model deficiencies
particularly due to parameterizations), and the potential natural variability of the simulated as
well as observed climate system. The natural variability of climate is a mgor source of
unpredictability. Consequently, orne must view observations as a single redization amongst a
host of possble dimate pathways in neture that a particular initial state might have produced.

Regardless as reseach tods, GCM simulations can help us understand and dscern the roles of



coupled land-atmosphere-ocean interactions in maintaining and modul ating the evolving climate

of the Earth, which includes major hydrological events such as droughts and floods.

Section 2 below describes the model used in this study. The design of the experiment is detailed
in Section 3. Simulation results and analysis are presented in Section 4, and discussion and

conclusions are found in Section 5.

2. Model Description

The version of the GEOS GCM employed in this study had a2 deg. (lat) X 2.5 deg. (long.) X 20-
sigma layer resolution. The three key components of the model are hydrodynamics, atmospheric
physics including clouds and radiation, and Earth-Atmosphere interactions including air-sea
interaction, biosphere, and hydrology. The hydrodynamics are on a C-grid (Takacs et al., 1994)
with sigma layers in the vertical. This hydrodynamics has appropriate filters to eliminate 2-Ax
modes of the dynamical atmosphere and topography (that would generate them) and the pole-
problems. The recent developmental history of the model includes some mgjor refinements and
upgrades to its physical processes such as radiation and new biospheric and boundary layer
parameterizations, as well as substantially higher horizontal and vertical resolution than used
here. Other key features of the GEOS GCM are: i) the ability to perform coordinate translation
and rotation with a proviso for relocating the mathematical poles to any arbitrary location (not
used in this investigation); and ii) inclusion of a gravity-wave drag parameterization due to Zhou
et a. (1996). Its land surface model is the so-called HY-SSIB (SSIB from Xue et a., 1991,
upgraded with hydrology and snow physics, Sud and Mocko, 1999 and Mocko and Sud, 2001).

The convective parameterization of the GCM is the Microphysics of clouds with Relaxed

10



Arakawa-Schubert Scheme (McRAS, Sud and Walker, 199%&b). These padkages were
summarized in arecent paper by Sudet a. (2002. The doud-icefradionisdiagnosed asalinea
function d temperature - it is zero at 253.1%K and grows to unty at 233.1%. When bah ice
and water clouds coexist, the opticd thickness of the mixture is the sum of the mass fradion
weighted opticd thickness of both cloudspedes. The boundry-layer scheme for turbulent
transport is by Helfand and Lebraga (1988. The radiation package of MCRAS is due to Chou
and Suarez (1994 with a provision for handing prognastic douds and incloud water and ice
fradions (Chouet al., 1998& 1999. Theradiationis not too dfferent from that of the original
version d the GEOS GCM, except for a revised cdculation for the opticd thicknessof clouds
for short and longwave radiation. For a more detailed description d different modues and

parameterizations, the reader may refer to the original papers given as references.

In addition to runnng the model with interadive physics and full dynamicd resporses of all the
prognastic variables, the wind and/or soil moisture analysis data was inserted into the model for
several cases. The wind dbta was taken from the DAO analysis produced at the same resolution
and wJrtualy using the same model. Additionally, analyzed soil moisture data, which was
produced in a GSWP-like manner using the offline HY-SSB model at the same 2.0 cgg. x 2.5
deg. The soil moisture data is available & three levels: surface (diurnal) layer, root zone
(seasondl), and dee (redcharge) level. The insertion d analyzed detais performed in a straight-
forward way using adired insertion approad, i.e., simply repladng the simulated fields with the
analyzed one d the gpropriate timeinterval at which the analyzed data were available. Thefinal
two cases in this gudy used ISLSCP vegetation parameter data, in placeof the GCM'’ s vegetation

climatology.
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3. Design of the Experiment

The majority of GCMs employed soon after the drought were unsuccesdul in simulating the
1988 dought over North America (e.g., Fennessy et d., 1990, and wery little new evidence of
better success has emerged ever since It is, therefore, important to understand its reason(s).
Recently, Lau et al. (2002 showed that potential predictability of summer season rainfall
anomalies over the continental United States is derived from SST anomalies of the North Paafic
even more than that of the tropicd Padfic (La Nifia events). This suggests that couped air-sea
interadions in the extratropics may be vital to enhance summer-season predictions over the U.S.
Since the eanphasis often has been ontropicd seasurfacetemperature anomalies, simulations
often deploy tropicd anomalies as Nifio 1, 2,and 3. Thisis circumvented in ou study becaise
we prescribe the observed SST everywhere. In all our simulation experiments, the best estimates
of the observed SSTswere used. Moreover, we spedficdly designed ou simulation experiments
to dfferentially discern the influence of locd, internal dynamicd, and large-scde external
forcings on the model-simulated circulation and rainfall. We have @ndwted seven sets of
simulations as described below:
1) Case 1 (C1 - CTRL): a freerunnng model integration with prescribed SSTs, while
everything else was fully interadive and prognostic;
2) Case 2 (C2 - WIND): model integrations ingesting DAO-analyzed winds (repladng
simulated) at 6 hr intervals at al grid pants,
3) Case 3 (C3- SOIL): model integrations ingesting GSWP-analyzed soil moisture (repladng
simulated) once aday at all grid pants,
4) Case 4 (C4 - BOTH): model integrations which ingested bah anayzed winds and soill

moisture asin C2 and C3;
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5) Case5 (C5 - LBOX): model integrations are the same asin C4, bu with analyzed wind and
soil moisture fields only getting ingested ouside the limited arearegion shown in Figure 2;
the figure dso shows the La Nifia cd anomaly over the tropicd Padficin 1988,aswell as
the warmer surfacetemperatures over North Americain the GEOS 1 reanalysis,

6) Case 6 (C6 - VEGI): modd integrations in which C5 was modified with additional
insertion d observed vegetation parameters (vegetation cover fradion, greenness led area
index, surface #bedo) from the ISLSCP data (as oppcsed to the GCM’s climatologicd
vegetation cata) within the region d study;

7) Case7 (C7 - OPRO): modd integrations in which C6 was updated with the insertion d the
oppasite yea's vegetation parameter data (1988 LAI was used for the 1987 simulation and

viceversa).

Eadh case mntained an ensemble of four simulations that started from four conseautive days of
December 30, 31, 1986January 1, 2,00Z of 1987 and Decamber 30, 31, 1987 January 1, 2,
00Z of 1988. Each simulation was analyzed from 1 June to 31 August periods of 1987and 1988,
respedively. In highly constrained simulations, such as C2 in which simulated winds were
replacel with the analyzed, the intra-ensemble variability was very small as expeded and as
evident in the analysis of model output. For ead simulation, the initial condtions of the
atmosphere were interpolated from ECMWF analysis, whereas il moisture and snow cover
were taken from the GSWP-style offline HY -SSB analysis (Sud and Mocko, 1999. Inall cases,
the SST (prescribed as monthly data) was interpolated to produce aslowly-varying daily SST
using a linea interpoation. Therefore, C1 simulations redly represent the model’s resporse to
SST anomalies (warm episode of 1987 and cold episode of 1988, plus sme influence of the

initial soil moisture and snow cover prescribed at the beginning of the yea. If the model were a
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perfed simulator of the Earth-Atmosphere system, one would exped the soil moisture to evolve
redisticdly. However, this has not been achieved successully in any simulation, and we believe
it relates to the unpredictability of weaher. Since weaher aff eds both rainfall episodes and soil
moisture, we did na exped the C1 smulation to significantly improve upon the model’s
inability to simulate the corred land surfaceboundary forcings for the drought of 1988. Indeed,
we were surprised to find that the model did pick up some large-scade fedures of the drculation
that refled the existence of the drought of 1988as sen in the 1988 minus 1987 JJA diff erences
(discussd in Sedion 4. Case C2 constraints the moisture transport but not the wnwvergence,
which is largely determined by the heaing fields generated by the model’s physics. Since the
soil moisture is an important forcing that is crucialy affeded by the predpitation and is the first
feedbadk that shows large biases in resporse to erroneous predpitation, we dedded to provide
the soil moisture from the HY-SSB integration in Case C3. Thus, Case C3 generated a set of
simulations for 1987and 1988in which everything was ssme & in Case C1, except that the soil
moisture was updated on a daily basis. Since these two insertions had a beneficia effed
individually, we replaced bah winds and soil moisture with the analysis data in Case C4. We
exped that if slowly-varying boundry forcings have some useful value, this case, with the
corred forcings, would produce abetter forecast than ead o the other three C1, C2 and C3.
Subsequently, we ran Case C5 to examine the influence of repladng soil moisture and wind
outside the limited arearegion. The influence of using ISLSCP vegetation data from the @rred
and wrong yeas was assesd in Cases C6 and C7, respedively. These smulations helped us to
discen: i) the fadors that influenced the drought of the summer of 1988 ii) the influence of
wind and soil moisture biases; iii) the influence of the wind and soil moisture biases that convey
into the region from outside; and iv) the alvantage of using observed as oppased to the

climatologica biosphere. We shall describe the resultsin the next sedion.
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4. Results

We will describe eab o the seven smulations while comparing them with ore ancther and
evaluating them vis-a-vis the analyzed data, so-cdled best estimate of observations. All of the
analysis in Figures 3 through 9 will be shown for time-averaged June-July-August (JJA) fields.
Since there were four cases in ead set of ensemble-simulations, al results are presented as

ensemble arerages unless pedficdly stated atherwise.

4.1 Case C1: Control Smulation

Based onthe 2.0 ceg. X 2.5 dbg. haizontal resolution o the GEOS GCM employed for the
study, we would exped to simulate only the synoptic scde dharader of circulation changes that
are forced by the observed SST and evolving soil moisture, snow cover and land hydrology
anomalies. Figure 3a shows the 200 HPa streamfunction d 1988 minus 1987for the JJA period
simulated by the GCM (top panel) in Case C1 vis-avis the same fields from analysis of
observations produwced by DAO Data Asdmilation System (DAS) (bottom panel). Positive
(negative) differences in stream functions over the northern mid-latitudes (tropics) are evident in
both plots. The model simulates a positive streanfunction anomaly over the drought region d
North America (top panel) that has ssme synoptic scde resemblance with analyzed data for the
same period. The similarity of these large-scde patterns indicates that the model has sme skill
at those scdes. A similar examination d streanfunction dfferences between simulated and
analyzed data & the 500 HPalevel (Fig. 3b) again shows ome resemblance between them. These

two figures suggest that the model has some skill i n prediction d the very large-scadesin C1.
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Let us now examine the North American circulation and rainfall. There are large differences
between Case C1 and the GPCP rainfall fields (Huffman et a., 1997) as shown in Figure4a. The
model simulates a drought in JJA of 1988 in the midwestern to eastern United States with 1-2
mm/day reduction in rainfall while the GPCP analysis has a less widespread reduction. On the
other hand, the observations have many smaller scale details than the smoothed field of the
GCM, which is a member average at 2.0 by 2.5 resolution. In comparing the surface to 800 hPa
wind fields and sea-level pressure (Fig. 4b), one finds that the circulation and SLP shown in the
form of 1988 minus 1987 differences reveal that the control simulation is unable to simulate the
details of the near-surface circulation and divergences. Consequently, all precipitation pattern
and circulation anomalies are quite different between the model and the analysis of observations.
From this, one infers that whatever drought is ssimulated in the 1988-1987 rainfall fields, the
discernible character of the 1988 minus 1987 circulation does not accompany it. The dominant
influence is the large-scale control exerted through the observed SSTs, evidenced in the 200 and
500 hPa anomaly patterns. The model does simulate a drought in 1988 that also affects the
evapotranspiration (Fig. 4c) and surface temperature (Fig. 4d). Both of these fields indicate that
the GCM is drier and warmer than observed; presumably, it is a consequence of a positive
feedback between soil moisture and surface temperature. Excessive evapotranspiration is likely
to cause decreasing soil moisture and higher temperatures, particularly in the summer. However,
it would appear that the model does simulate some sort of a large-scale drought in JJA of 1988
with respect to 1987. Such a forecast could be useful, but its biases and missing details raise

many questions about its value for agriculture and water resource management.
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4.2 Case C2: Wind-Updated From Analysis

We next examine the influence of locd, synoptic scde and collateral errors on the JJA
circulation and rainfal. This is dore in the simulation experiments C2 through C7. Case C2
represents a smulation in which the simulated winds are replaced by the observed at 6-h
intervals. Any horizontal wind field has two comporents: one is divergent and the other is
rotational. The updated winds would dredly alter the rotational part, bu the divergent part will
be determined by the model’s diabatic heding fields, particularly the temperature (which is not
updated) and its effed on associated dvergence (because the temperature dange indicaed
heaing which affeds divergence). The rotational parts of the winds do nd change much in
resporse to heaing, bu they help to transport hea and moisture & well as alter the presaure
gradients to establi sh the geostrophic (vorticity-presaure) relationship. With olserved winds, the
model must cgpture the observed transports whil e it can moduate its divergences in resporse to
diabatic heaing fields produced by the model’s physicd interadions. Over a short time-period,
dynamics generally overwhelms the physics, therefore, by inputing observed winds, the
dynamics gets constrained everywhere, whereas thermodynamics has ome freedom to influence

the temperature and verticd velocity fields acwrding to the model’ s physicd parameterizations.

Naturally, C2 simulated 1988 minus 1987 peadpitation fields (Fig. 5a) are improved ower the
result from C1. In oder to quantify this improvement, the spatial correlation between the
ensemble-averaged simulated predpitation for al cases and the GPCP predpitation for
June/July/August is shown in Table 1. More striking is the improvement in sealevel pressure
(Fig. 5b) (surfaceto 800 HPa motion fields as prescribed), which is in much better agreement

with olservations. There was virtually no dfferencein any fields including predpitation among
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the members of the ensembles. The evapotranspiration petterns (Fig. 5¢) aso had a strong
resemblance anong the members. Any differences can be ather due to soil moisture aaomalies,
to radiative forcing, or to any remaining SSB deficiencies in the smulation d the eitire
biosphere land-hydrology complex. Comparison d differences over the ocear with dfline
GSWP data is not meaningful because GSWP does not apply over the ocears. The
acompanying surface temperature differences (Fig. 50 ae onsistent with the
evapotranspiration dfferences, with somewhat better resemblance to GSWP and GEOS 1
reanalysis fields (Figs. 4c & 4d). Comparison d simulated soil moisture to the GSWP soll
moisture for this case indicated that the soil moisture was generally drier for C2 than for C1.
Overadl, we note that wind errors in the chasen region are resporsible for most of the synogtic
scde arors. This auggests that one can benefit substantially by having a forecast system in
which winds are properly initialized and/or better simulated. Thisisin agreament with a number
of previous gudies (e.g., Atlas et a., 2009 in which winds are mnsidered vital for the acerracy

of wedaher forecasts.

4.3 Case C3: Soil-Moisture Updates from GSWP Analysis

In Case C3 we used the GSWP-analyzed soil moisture only; it was performed by replacement of
simulated soil moisture with the offline analyzed fields (Meeson et al., 1995 at ead grid-point at
00Z (once aday). An examination d the sealevel presauure and surfaceto 800 HPa winds,
evapotranspiration and surface temperature fields (Figs. 6b-d) shows that the soil moisture
dlightly improved the simulation ower Case C1. The predpitation anomaly distribution (Fig. 6a)
was difted westward, making it more redistic, albeit too strong compared to observations. This

improvement is also naed in Table 1. The model’s patterns represent a wmbination d soil
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moisture and net radiative forcing and circulation. At least over the drought regions, reduced soil
moisture has produced warmer temperatures even though the synoptic-scale surface to 800 hPa

circulation remained largely unaffected.

4.4 Case C4. Both Wind and Soil Moisture Updates

In C4, both winds and soil moisture were updated from analysis of observations. Precipitation
differences (Fig. 7a) have a much closer resemblance with GPCP rainfall differences (Fig. 4a).
As expected, most of the benefits were derived from input of observed winds. Soil moisture
benefits were relatively smaller in this comparison. The SLP changes (Fig. 7b) are similar to
those of C2 and the influence of analyzed soil moisture in not discernible in the JJA average.
However, in the case of evapotranspiration anomalies (Fig. 7c¢), the combined simulation is
similar to the soil moisture anomaly simulation C3 (Fig. 6¢). This shows that soil moisture must
be more important than the wind for evapotranspiration, which is a mgjor component of surface
energy fluxes. In that way, the current result makes good intuitive sense. A clear differenceisin
the surface temperature anomaly pattern (Fig. 7d). They are similar to the surface temperature
patterns of C3 (Fig. 6d), but the intensity of differences is much reduced and the values are in
better agreement with the analysis. In this way, the use of observed winds helps transport the air
mass and its associated temperature more redlistically as compared to the soil moisture update

only, Case C3.

4.5 Case C5: Winds and Soil Moisture Updates Outside LBOX

Case C5 represents simul ations with both soil moisture and wind fields updated, but only outside
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of the region d 23-61IN and 66129V (hereéter, the LBOX region). In this smulation, the
influence of all external-forcing errors in the two chosen fields is removed by having the influx
of energy and water vapor outside the chosen region updited with analyzed winds and soil
moisture. This is equivalent to runnng a regional model with the best available inpu of
humidity and winds from 4DDA analysis. Therefore, C5 must be mmpared to C4 and C1. Case
C5 has large simil arities with Case C4 and in some respeds it is even a better smulation than all
the others. Figure 8a shows that the predpitationfield gives a better simulation d the magnitude
of the observed drought extending from Canada to the north of the Grea Lakes through
Wyoming, athough the orientation o the drought west of 90W is omewhat poaer. The
magnitudes are somewhat smaller than that of C4, which is an improvement. The primary
midwestern drought region hes g/noptic-scde tharader, bu it is equaly well/ poaly simulated in
both C4 and C5, i.e,, the deficiencies and strengths of both are similar. The only differenceis
that magnitudes of Case C5 are smaller and are in better agreement with data. The dhanges in
other areas are unremarkable. In C2 and C4, the wind fields were prescribed everywhere, bu in
C5 it is only prescribed ouside the box; consequently, its SLPs (Fig. 8b) were degraded as
compared to C4 o C2. This implies that model-introduced errors inside the dynamicdly free
box make SLPs drift away from observations (as expeded). The cae with prescribed winds and
soil moisture (C4) had very littl e inter-ensemble variability, whereas Case C5 has much more
(athough na nealy as much as C1). This drift is related to the model’s freedom to evolve its
own circulation and hydrologic processes in the region. Figure 8c shows evapotranspiration
anomalies. GSWP evapatranspiration anomalies (Fig. 4c) are much smaller than that of Cases
C4 and C5. In the higher latitudes, where there is enough soil moisture, 1988minus 1987 JJA
evapotranspiration anomalies are not so large. However, in the midwestern drought regions the

anomadlies follow the analyzed predpitation-governed initial soil moisture for Case C4 and the
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simulated predpitation for Case C5. The surfacetemperature anomalies (Fig. 8d) are dependent
upon winds, cloudness (affeding solar radiation reating the surface & well as net outgoing
longwave radiation), and evapotranspiration. Since winds are prescribed, the only remaining

degrees of freedoms are doud nessand soil moisture, which producethe observed effeds.

4.6 Cases C6 and C7: Same as Case C5 with observed vegetation inside LBOX

In view of a number of sensitivity studies highlighting the importance of biosphere-atmosphere
interadion (e.g., Sud et a. 1995, we examine how useful is the GEOS model’s snsitivity in
simulating the drought circulation. Figure 9a shows that with adual vegetation cbta, the drought
in the Midwest shrank somewhat more than of Case C5 as compared to the anaysis of
observations. In addition, the eat coast of North America was wetter than that of C4, which
itself was wetter than the rainfall in the GPCP data (Fig. 4a). In this resped, the observed
vegetation dd na help. In the SLP fields (Fig. 9b), the differences between C5 and C6 are
unremarkable.  The evapotranspiration anomalies in Figure 9c mimic rainfall anomalies,
suggesting that if one simulates large erors in the rainfall, the evapotranspiration (through soil
moisture feedbad) will change crrespondngly regardless of vegetation parameters. In this
simulation many other parameters that are aciated with the modified vegetation could na be
redisticdly altered. However, since the parameters modified are mnsidered to be the dominant
moduators of evapotranspiration, this oud na affed the findings. It would be expeded that
the drought vegetation parameters of C6, which are less than in C5, will cause less
evapotranspiration; however, even this does not happen because the biospheric feedbadk
interadions are so complex that changing the parameters did na affed the time-mean rainfall

redisticaly to make much dfferenceto the smulation. On the other hand, the rainier east coast
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produced higher evapotranspiration and codler surfacetemperatures (Fig. 9d). Case C7 (with
oppaite yea’s vegetation data) was very similar to C6 as far as JJA 1988 minus 1987 rainfall,
SLP and winds from surface to 800 HPa, evapotranspiration and surface temperatures (not
shown). Thus, there were no dscernible differences in the simulation as a mnsequence of the
observed (C6) versus incorred (C7) vegetation cita. The comparison ketween C5 and C6
showed a slight influence of vegetation onthe simulation, while C7 showed virtually no effed,
mainly as a consequence of the ISLSCP vegetation cita for 1987 and 1988 leing closer in
agreament to ead aher than either was to the vegetation data used in the GEOS GCM’s
climatology for cases C1-C5. Dirmeyer (2000 with the COLA GCM, which hes essentialy the
same SIB, has siown that corred soil moisture helped in 1987and 1988soil moisture-switched
smulations (indeed, it does © in ou model as well - nat shown), bu the more redistic

vegetation effed isredly small as compared to the circulation and soil moisture dfeds.

4.7 Analysis of Individual Casesin the Ensemble

The 1988 minus 1987 JJA predpitation for the four individual ensemble members for Case C1
are shown in Figure 10a. The right two panels of this figure show the mean o the four members
(top) and the GPCP analysis (bottom). For simulations C1-a and C1-d, the drought is smulated
mainly over the Midwest and eastern U.S. However, the other two ensemble members smulate a
widespread drought also ower the Grea Plains aaoss the northern Rockies. This figure
demonstrates both the aility of the GCM to predict a drought six to eight months in advance (in
resporse to redistic prescription d SST), as well as the uncertainty in predicting its locaion

acairately.
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For Case C4, Figure 10b shows how strongly the precipitation anomaly is constrained by just
replacing the ssimulated wind and soil moisture fields with the analyzed wind and soil moisture
fields. Very minor differences can be noted, but the general pattern of a drought in the upper
Midwest to Great Plains and around the Great Lakes into eastern Canada is virtually identical
among all four ensemble members as well as the GPCP panel. For Case C5 (Fig. 10c), with
winds and soil moisture replaced outside the LBOX region only, greater inter-ensemble

differences are found, but not nearly aslarge asin Case C1.

The individual ensemble members were also analyzed with a cyclone tracking routine of Terry
and Atlas (1996) for JJA for Cases C1, C4, and the reanaysis (not shown). Results from the
reanalysis showed no significant difference in the location or frequency of cyclones between
1987 and 1988 during this period. Furthermore, amost no cyclone activity was identified in the
northern Great Plains during both years. Similar results were found for Case C4, with all four
ensemble members having very similar cyclone tracks, as a result of the replaced winds. In the
control Case C1, severa cyclones among al ensemble members were noted in this region during
both years, as well as considerable scatter between individual members. This not only points to
the expected inability of the model to simulate cyclone tracks in an integration started months in

advance, but it aso highlights model biasesin simulating these tracks.

4.8 Behavior of Regional Averages

Monthly-averaged precipitation plots for Cases C1-C6 for the Great Plains region of 30-50N and
85-100W for 1988 are shown in Figure 11a. The figures are shown to detail the month-by-month

evolution of the simulations through the spring and summer. The solid line represents the GPCP
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data and the thick dashed line represents the ensemble average for that case. The four thin
dashed lines are the precipitation for each individual ensemble member. For Case C1, the
average shows that on the whole, the GCM failed to both simulate the strong spring and early
summer drying, as well as the late summer return of the precipitation in this sub-region. The
GCM was too wet in the late spring largely due to a poorly ssmulated circulation, while it was too
dry in the late summer from a positive feedback of progressively lower soil moisture in this
region. Large differences between ensemble members are found. For Cases C2 and C4, strong
Inter-ensemble member similarity is noted; however, in C2 the late summer precipitation is again
poorly reproduced. The addition of soil moisture data in C4 somewhat helps to simulate better
late summer precipitation. The soil moisture also had a positive effect on ssmulated precipitation
in C3. Case C5 aso shows the problem with late summer drying affecting the precipitation, with
the individual ensemble members being much more similar to each other. Adding the correct
vegetation data in Case C6 somewhat reduced the anomalous high early spring precipitation and
the low late summer precipitation also shown in C5. The errors in simulated precipitation for all
cases tend to be larger than the variability between the ensemble members. Figure 11b shows the
same data for 1987 with no spring and early summer precipitation drought found in the
observations. Results from the GCM are generaly similar to 1988 with the addition of soil
moisture data helping the simulation of late summer precipitation, and the box region tightly

constraining the simulations, but not simulating the late summer precipitation adequately.

Daily-averaged soil moisture data for the Illinois region bounded by 38-41N and 88-92W for
1988 are shown in Figure 12a. Here the solid line represents the soil wetness from the offline
HY-SSiB analysis forced with the ISLSCP Initiative | data, which had been previously shown to

well reproduce observations of soil moisture in this region (Sud and Mocko, 1999). In the
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control case C1, the model tended to keep the soil wetter than olserved in the mid-summer.
Again, alarge scatter is evident anongst ensemble members in the ontrol Case C1. When the
winds are replaced in Case C2, the stronger than observed summer drying of the soil is een. The
simulated soil moisture is very close to the observed in Cases C3 and C4 as aresult of repladng
soil moisture data daily, bu the dfed of freerunnng winds is noted with the numerous soil
moisture spikes in C3 before the daily replacement. Cases C5 and C6 agree with previous
results, with a moderate anourt of scater and error. In Figure 12b, the soil moisture feadbadk
error is further highlighted. In Case C2, the late summer soil moisture is much drier than

observed, asitisin C1, C5, and C6.

The spatial correlation of the monthly-averaged predpitation between the various cases (C1 —
C7) for the GEOS model and the GPCP preapitation data for the LBOX region is siown in
Table 1. For the mntrol case C1, the arrelation is poa for ead individual summer month as
well as the JJA average. Updating the wind data in C2 gredly improves the preapitation
correlation, although the correlation degrades as the summer progresss. In Case C3, the soll
moisture analyzed data makes a small improvement over the Control, while in Case C4, with
both winds and soil moisture, the individual month correlation is the highest for all cases,
espedaly into August. Again, the LBOX case of C5 shows a moderate improvement over the
Control in this areathrough the use of the remote forcings, as well as Cases C6 and C7 showing

littl e dhange from C5.

5. Discussion and Conclusion

As discussd in the Introduction, the drought of 1988 fas not been simulated redisticaly by any
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general circulation model. One of the primary reasons for this is the drculation and rainfall
biases in the GCM overwhelm the observed anomalies. Indeed, the assumption that biases will
cancd out in anomaly minus control simulations did na help much beyondwhat one seesin the
control case. The drought’s physicd description, together with the available data analysis to-
date, shows that its causes could be the SST anomalies (both tropica and extratropica) of 1988,
a ridge which developed as a result of the past evolution d weaher that persisted through the
summer, as well as the soil moisture-vegetation-rainfall feedbadk. In Sittel’s analysis (1994, 40
yeas of rainfal and SST data analysis has identified the very same regions of North Americafor
the occurrence of droughts in resporse to SST anomalies. Therefore, a GCM can pdentially
simulate the drought in resporse to redistic SSTs, analyzed soil moisture, and partialy

prescribed circulation.

In ou study, the influence of initial condtions is not examined. The feedbadks enter into the
system through dfferent modes of winds and soil moisture data ingestions. When orly the SST
anomali es were prescribed, the GCM did produce some of the drculation feaures of a drought
over North America, bu these feaures could be identified orly on the planetary scdes. The
1988 minus 1987 pedpitation fields sow that the GCM was succesdul in reducing
predpitation for the JJA period, bu the accompanying circulation anomalies were so poa that
oreislikely to infer that the GCM simulated the dry conditions for the wrong reason. To isolate
the causes for the @owve behavior, winds and soil moisture were prescribed from analyses of
observations as continuows updates to the simulation. Other fields such as temperature,

humidity, and/or surfacepresaure could na be used withou invoking full data assmilation.

The results show that much of the simulation hases emanate from wind hases that are caried
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into North American region from surroundngs aress. When using analyzed winds, only the
rotational part of the drculation remains in the system, while the divergent part is grongly
moduated by the model’s physics, particularly the radiation and latent heding processes. With
winds prescribed a 6-h intervals, the inter-ensemble variability of the simulations virtually
vanishes. As expeded, assmilated winds produce a much better smulation d baoth the
predpitation and low-level circulation at the model’s resolution. Inclusion d soil moisture dso
helps to ameliorate the excessve feedbadk between soil moisture and predpitation that produced
large predpitation anomalies in the ntrol case. The remaining differences between the
observed and simulated predpitation and surfacetemperatures are presumably caused by errors
in the model’s physics, which includes the doud radiation interadion, the predpitation plysics
and microphysics itself, and the land-atmosphere interadion. The simulations owed the
structure of surfacetemperature and redpitation errors in resporse to winds alone, soil moisture
alone, and bah. For the cae of prescribed winds, the surfacetemperature anomalies have one
persistent pattern, whereas for the soil moisture it is ancther. In the wmbined case, the two
patterns merge and help to yield somewhat more redistic evapotranspiration and preapitation
patterns. OSSEs (Observing System Simulation Experiments) can better address the question

abou the influence of model physics onthe drought simulation (seg Atlaset a., 2003.

The g/clone track analysis did na show a useful diff erence between 1987and 1988for JA, in
either the GCM or the reanalysis. The g/clones tend to be weder and less frequent in the
summer months, and bdh the observations and model show a strong predpitation ceficit in 1988
despite littl e change in cyclones. Thus, the g/clones of this period produced oy asmall amourt
of the predpitation in the Greda Plains, which is in agreement with Fritsch et al. (1986 who

showed that mesoscde @nwvedive systems (MCSs) acwourt for 30 to 70 percent of the
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summertime predpitation. In the aiurrent configuration, the GCM parameterizes moist
convedion andis unable to resolve MCSs; therefore, we were unable to examine the strength and

frequency of MCSsin thisregionfor both yeas.

Case C5 with the LBOX region withou updating soil moisture and winds inside the region,
while outside the region winds and soil moisture were updeted as in Case C4, showed the
following. Even though the simulation is substantially different, the forecast quality of Case C5
is similar to that of Case C4. It shows that many of the locd simulation errors originate outside
the LBOX region. This can be an expeded, becaise if weaher and climate have global
conredivity, then any chaotic comporent of weaher can naeturally propagate into a region such
as LBOX from outside; however, such alarge magnitude of this conredivity, even ona seasonal
scde, is a surprising new result. Even though we canna comment on the robustness of this
finding for other models, ore naturaly expeds it would na be too dfferent for other state-of-
the-art climate models. The new result also redfirms how and why regional modelsin areseach
mode runwith prescribed lateral transports from observational data ae &leto doamoreredistic
job d simulating a spedfic phenomenon, while aglobal model is lessconstrained and continues
to have problems. However, in the long run, oy a freerunnng GCM will enable scientists to
predict climate. In that spirit, this reseach is nat an endin itself, but helps to provide guidance
on the important isaues to facein a GCM exercise. One naturally wonders - since weaher is not
deterministicdly predictable beyond 510 dbys, will its time-mean (climate) aso contan a
significant comporent of unpredictability over the chasen threemonths (June, July, and August).
The question bals down to finding out if the model’s biases, which also contribute to the ladk of
predictability, are so large as to limit the value of its predictions. On the other hand, the model is

not sensitive to drought or nondrought vegetation parameters. Clealy, vegetation and soil
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moisture go together, bu if the role of soil moisture dominates the outcome, then its biases
would mask any plausible alvantage of using the observed vegetation. Dirmeyer (2000
provided the “corred” versus the “oppasite” soil moisture and founda discernible improvement
in resporse to “corred” soil moisture. Our results (that are dso based on SSB for the land
model) aso show that the soil moisture governs the outcome of land atmosphere feadbadk

interadion much more than the vegetation parameters.

The model’s biases in the prescribed soil moisture simulations as well as in the prescribed wind
simulations are quite persistent. From this dudy, we cnclude that model biases sgnificantly
influence the prediction errors. These biases, through wind-errors, change the transports of hea
and moisture into the LBOX region. When winds are prescribed from analysis of observations
outside the dhosen LBOX region, the model produces a much better JJA drought as compared to
the Control, and it remains amost as good as the one in which winds and soil moisture were
prescribed everywhere. This shows that biases in circulation and advedive transports propagate
and strongly contribute to the simulation bases. SCM simulation reseach (Ghan et a., 1999and
Xie @ a., 2003 shows sgnificant model-physics-dependent biases among the participating
models even ower asingle grid-cdl; therefore, the aithors conclude that the only meaningful way
to improve these GCMs is to first reduce their biases at the grid-cdl level. This would require
improvements in cloud plysics, cloudradiation interadions, bounary-layer processes, aswell as
the rest of the a@amospheric column physics. Withou such a @nceted effort in model
improvement, simulating climatic events will continue to be a hit-or-miss prediction.
Consequently, GCM-simulated global change inferences will continue to be unreliable.
Furthermore, even when the model redisticaly forecasts a dimate event, scientists will poncer

abou the right/wrong reason for the success and that in turn will haunt modelers attempting to
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simulate global change scenarios.

In the series of simulation attempts reported abowve, the model is able to predict the very large
scde drculation changes as e in the 200 HPa streamfunction dfferences of 1988 minus 1987
for JJA somewhat reasonably over North America which leads to a (somewhat misplaced)
midwestern drought in 1988minus 1987rainfall. However, the rest of the drculationis not well
reproduced. Presumably, soil moisture, which has a much longer time scde than predpitation,
(but can be dfeded by a single weaher event, whose @urse is largely unpredictable), is
moduating the ensuing circulation. Even when the soil moisture is prescribed from GSWP
analysis of hydrometeorologicd data from analysis of observations for 1987 through 1988,the
evapotranspiration errors remain large. This implies that the net radiation at the surface ad
verticd temperature and humidity structures that are governed by thermodynamics and \erticd
column adjustment physics of the model are @ntributing to the biases. In fad, if cloud
distribution a cloud radiative feedbadk are eroneous, net radiation at the surface would be
affeded and that will i nfluence the evapotranspiration and Bowen ratio. It appeas there ae
significant modeling errors associated with nd being able to simulate the drought well, even

when winds and soil moistures are prescribed everywhere.

Finally, in o modeling studies to dscern the influence of different feedbadk interadions on
simulating the drought of 1988 ower North America, the results had a sobering influence on ou
enthusiasm to use GCMs to simulate dimate variations siccesdully on the North American
Continental Scae. Asdiscussd in the Introduction, the failureis not unique to the GEOS GCM.
Moreover, since nore of the ensemble members’ simulated climate dhange was distinctly simil ar

to the observed, the agument that the observed climate anomaly “scenario” is only a single
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member of the plausible ensembles of nature does not sean to explain the failure. On the other
hand, inter-ensemble biases remain similar; this points to a potentialy large contribution by
model biases. Therefore, the only way to achieve better successis to reduce even if unable to
eliminate, model biases element-by-element on well-designed parameterization improvement
test-beds such as ARM-CART and GSWP/ISLSCP aready underway. Through such
parameterization improvements of the past as well as use of higher resolution, we now have
succealed to produce amuch more redistic simulation d seasonal climate. We have dso dore a
fairly decent job o simulating the Indian drought of 1987 with the GEOS GCM (Sud and
Walker, 19990, bu with resped to the North American drought of 1988,the model’s fail ures
have remained remarkably distinct. In this gudy, we better identified its urce causes, however,

abetter solution must still wait for now.
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